The gene encoding a (2R,3R)-2,3-butanediol dehydrogenase from Rhodococcus erythropolis WZ010 (ReBDH) was over-expressed in Escherichia coli and the resulting recombinant ReBDH was successfully purified by Ni-affinity chromatography. The purified ReBDH in the native form was found to exist as a monomer with a calculated subunit size of 37180, belonging to the family of the zinc-containing alcohol dehydrogenases. The enzyme was NAD(H)-specific and its optimal activity for acetoin reduction was observed at pH 6.5 and 55 °C. The optimal pH and temperature for 2,3-butanediol oxidation were pH 10 and 45 °C, respectively. The enzyme activity was inhibited by ethylenediaminetetraacetic acid (EDTA) or metal ions Al 3+ , Zn 2+
in ketone reduction and its physiological role was proposed to be involved in the formation of (2R,3R)-2,3-butanediol.
Results and Discussion

Over-Expression and Purification of ReBDH
The strain R. erythropolis WZ010 was able to produce (2S,3S)-2,3-butanediol in its alcoholic fermentation [1] . However, trance amounts of (2R,3R)-2,3-butanediol (around 0.2 mM) were also detected when diacetyl was supplemented as the precursor into the fermentation medium, indicating the possible presence of a gene encoding a (2R,3R)-2,3-butanediol dehydrogenase in the genome of R. erythropolis WZ010. According to the genome sequence of R. erythropolis PR4 [27] , the gene rebdh encoding a putative medium-chain (2R,3R)-2,3-butanediol dehydrogenase was PCR-amplified from the genomic DNA of R. erythropolis WZ010. The gene rebdh was subsequently over-expressed in Escherichia coli cells using the pEASY-E1 expression vector and the resulting recombinant ReBDH with the N-terminal His-tag was purified to homogeneity by nickel affinity chromatography. The 1056-bp PCR product encoded 351 amino acid residues with a deduced molecular mass of 37180, whereas the purified enzyme migrated as a single band with a size of 44 ± 1 kDa on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) ( Figure 1 ). To determine the effect of the N-terminal His-tag, the recombinant ReBDH without the N-terminal his-tag was also successfully over-expressed and then purified using a two-step purification procedure: DEAE-sepharose ion-exchange chromatography and phenyl-sepharose hydrophobic chromatography. The subunit size of ReBDH without the N-terminal his-tag was also 44 ± 1 kDa on SDS-PAGE, indicating the discrepancy between the apparent molecular mass and the deduced molecular mass was due to ReBDH itself but not the N-terminal His-tag. When the NADH absorbance at 340 nm was measured at pH 6.5 and 55 °C, the specific activity of ReBDH with the His-tag was 11.3 U/mg in the acetoin reduction, which was nearly identical to that of ReBDH without the His-tag. For the convenience of enzyme preparation, ReBDH with N-terminal His-tag was used for further characterization. Size exclusion chromatography showed that the native molecular mass of ReBDH was 45 ± 2 kDa and thus ReBDH in the native form was presumably a monomer. The monomeric structure of BeBDH was unusual since (2R,3R)-2,3-butanediol dehydrogenases typically form either dimers or tetramers [7] .
Sequence and Structure Analysis of ReBDH
The nucleotide sequence and the deduced amino acid sequence of ReBDH showed 98.4% and 100% identity with its homologue in R. erythropolis PR4 (GenBank accession No. BAH34736, [27] ), respectively. A BLAST-P analysis disclosed many putative (2R,3R)-2,3-butanediol dehydrogenases from the genera Rhodococcus, e.g., BDHs from Rhodococcus wratislaviensis (88% identity; GAF42845), Rhodococcus opacus B4 (87% identity; BAH49578), Rhodococcus jostii RHA1 (87% identity; ABG93446), and Rhodococcus imtechensis RKJ300 (87% identity; EID74253). The enzyme ReBDH showed high sequence homology to two NAD + -dependent alcohol dehydrogenases with known three-dimensional structure [28, 29] , and the structure-related sequence alignment revealed that the enzyme was a member of the superfamily of the zinc-containing medium-chain alcohol dehydrogenases ( Figure 2 ). The inductively coupled plasma atomic emission spectrometry (ICP-AES) analyses showed that the purified ReBDH without N-terminal His-tag contained 1.94 ± 0.03 g-atoms of zinc per subunit. Therefore, the enzyme could contain 2 g-atoms of zinc per subunit in contrast with (2R,3R)-2,3-butanediol dehydrogenase from Thermococcus guaymasensis containing 1 g-atom of zinc per subunit [8] . Consistent with the zinc content of ReBDH, the enzyme had all conserved residues for the binding of catalytic and structural zinc ions. The structural zinc binding site was made up of four closely spaced cysteines (Cys101, Cys104, Cys107, and Cys115), while the residues (Cys37 and His71) were critical for the coordination of the catalytic zinc. In addition, the motif of NAD(P) + -binding was also identified to be G179XG181XXG184 [30] . 
Catalytic Properties of ReBDH
The known (2R,3R)-2,3-butanediol dehydrogenases use NAD(H) and/or NADP(H) as coenzymes [7, 8] . With respect to the coenzyme usage, the enzyme ReBDH was strictly NAD + -dependent. The enzyme activity was not detectable when NADP(H) was used as coenzyme. The effect of temperature on ReBDH activity was investigated for alcohol oxidation and ketone reduction. Although R. erythropolis WZ010 is a mesophilic microorganism, the enzyme in the 2,3-butanediol oxidation was active within a broad temperature range, from 10 to 75 °C. The optimal temperatures of the enzyme were found to be 45 °C for the oxidation of 2,3-butanediol and 55 °C for the reduction of diacetyl (Figure 3 ). The thermostability of the purified ReBDH was investigated by determining its residual activities when the enzyme samples were incubated at 45 °C (Figure 4) . After 6 h incubation at 45 °C, the remaining activities for acetoin reduction and 2,3-butanediol oxidation were 49.7% and 43.5%, respectively. The thermoactivity and thermostability of ReBDH were similar to the properties of alcohol dehydrogenase from Yokenella sp. WZY002 that is relatively stable at moderate temperatures and has activity optima at higher temperatures [31] . Figure 2 . Structure-related sequence alignment between ReBDH and two homologous proteins with known three-dimensional structure. PDB codes for the sequences are as follows: 2XAA, alcohol dehydrogenase from Rhodococcus ruber DSM 44541 [28] ; 1RJW, alcohol dehydrogenase from Bacillus stearothermophilus [29] . Shown above the alignments are elements of the secondary structure of 2XAA. The numbering shown is from 2XAA. Blue triangles, putative catalytic residues; red stars, putative coenzyme binding motif; pink triangles, the residues for the coordination of structural zinc. Strictly conserved residues are highlighted with red boxes. To determine the optimal pHs for both acetoin reduction and 2,3-butanediol reduction, the activity was measured in a pH range of 6.1 to 11.0 ( Figure 5 ). In the alcohol oxidation, the enzyme exhibited the highest activity at pH 10.0. For the reduction of acetoin, >85% of its maximal activity was in the pH range of 6.5 to 7.0, with an optimal pH at 6.5. Similar to the observations on other alcohol dehydrogenases [1, 8, 31] , alcohol oxidation was favored by higher pH since the reaction resulted in the formation of NADH and H + . On the other hand, the activity of acetoin reduction was 7.7 times higher than that of (2R,3R)-2,3-butanediol oxidation when ReBDH was assayed at pH 7.0, revealing that it is more likely to serve as reductase in vivo. The substrate specificity of ReBDH was tested using a set of alcohols, aldehydes, and ketones (Table 1 ). In the oxidation reaction, the enzyme could oxidize 2,3-butanediol but not acetoin, which is a general property of 2,3-butanediol dehydrogenases [1, 8] . Among the tested alcohols, the enzyme exhibited the highest activity for 2,3-butanediol as substrate. Also, the enzyme catalyzed various secondary alcohols including 1-phenyl-1,2-ethanediol, 1,3-butanediol, ethyl 4-chloro-3-hydroxybutyrate, and sodium lactate. In addition, some activity was also observed for 1-butanol, indicating that BeBDH was a primary-secondary alcohol dehydrogenase. In the reductive direction, the activity of ReBDH was found to be the highest on acetoin. Among other tested ketones or aldehydes, diacetyl showed a relatively high activity (69.3%).
Based on the structure analysis, ReBDH belonged to the family of zinc-containing alcohol dehydrogenases. The relative activity in the presence of 1 mM EDTA was reduced to 9.9% ( . ReBDH was not the only case, in which the activity of a zinc-containing enzyme was inhibited by exogenous zinc ion. Similar cases were also observed for the zinc-containing medium-chain alcohol dehydrogenases from T. guaymasensis, Yokenella sp. strain WZY002, Acinetobacter sp. strain M-1 and Acinetobacter baylyi ADP1 [8, [31] [32] [33] . The inhibition of the enzyme activity by the mentioned metal ions suggested that sulfhydryl groups of ReBDH might be critical for the enzyme activity [32, 33] . The relative activity of 100% represents 11.1 U/mg for acetoin reduction at 55 °C and pH 6.5.
Enzymes resistant to organic solvents are of great interest for the purpose of practical biocatalysis. When organic solvent such as methanol, ethanol, acetone, or acetonitrile was added into the assay mixture at a final concentration of 10% (v/v), the residual activity remained at 2.4%-38.3% of the control enzyme activity (Table 3) . Remarkably, when DMSO at a final concentration of 10% or 20% (v/v) was added into the assay mixture, the activity was increased up to 161% and 122% of the control enzyme activity, respectively. The activity of ReBDH at 30% (v/v) DMSO still remained 83.8% of the control enzyme activity. Owing to the DMSO tolerance of ReBDH, the use of aqueous solvent such as DMSO would provide the advantages to solubilize more hydrophobic substrates in biocatalysis [34] . The relative activity of 100% represents 11.3 U/mg for acetoin reduction at 55 °C and pH 6.5.
Kinetic Parameters of ReBDH
Kinetic parameters of ReBDH in the (2R,3R)-2,3-butanediol oxidation were determined at pH 6.5 and 55 °C, while the assay conditions determining kinetic parameters of ReBDH in the diacetyl reduction were pH 10.0 and 45 °C. The Km value for diacetyl (0.1 mM) was 5.8-fold lower than that for (2R,3R)-2,3-butanediol (0.58 mM). The specificity constant Kcat/Km for diacetyl (61100 s 
Stereoselectivity of ReBDH
In the alcohol oxidation, ReBDH demonstrated activities on meso-2,3-butanediol, (2R,3R)-2,3-butanediol and (R)-1-phenyl-1,2-ethanediol, but not (2S,3S)-2,3-butanediol and (R)-1-phenyl-1,2-ethanediol, suggesting that the enzyme stereoselectively functioned on the (R)-hydroxyl group of 2,3-butanediol and 1-phenyl-1,2-ethanediol as substrate ( Table 1 ). The stereoselectivity of ReBDH in the oxidation of 2,3-butanediol stereoisomers was superior to that of (2R,3R)-2,3-butanediol dehydrogenase from T. guaymasensis, which could function on (2S,3S)-2,3-butanediol [8] . To further approve the stereoselectivity of ReBDH, the ketone reduction and its products were further investigated. In the reduction reaction coupled with formate dehydrogenase-catalyzed coenzyme regeneration, the ReBDH-catalyzed reduction of diacetyl led to optically pure (R)-acetoin and (2R,3R)-2,3-butanediol with 35.7% and 34.2% yields, respectively (Table 5 ). In the coupled reaction, the concentration of NAD + used was only 0.25 mM and its total turnover number (TTN) was calculated to be 167.6, indicating that the coenzyme regeneration was highly efficient. Moreover, the reduction of racemic (R/S)-acetoin formed (2R,3R)-2,3-butanediol and meso-2,3-butanediol, which were presumably originated from (R)-acetoin and (S)-acetoin, respectively, indicating that the reduction of acetoin was also (R)-stereoselective. 
Experimental Section
Materials Used
Microorganisms and Growth Conditions
The E. coli DH5α strain was used as the host for the cloning vectors, and E. coli BL21(DE3) was used for the purpose of over-expression. R. erythropolis WZ010 used as the donor of the rebdh gene had been deposited in the China Center for Type Culture Collection (CCTCC M 2011336). The Luria-Bertani (LB) medium with a NaCl concentration of 5 g/L was routinely used for culturing recombinant E. coli and preparing seed inocula of R. erythropolis WZ010. All bacteria were cultured at 30 °C, 200 rpm for 24 h, unless stated otherwise. The alcoholic fermentation of R. erythropolis WZ010 was carried out in a previously described fermentation medium containing 110 mM glucose [35] . After 12 h of alcoholic fermentation, 2 mM diacetyl was supplemented into the fermentation medium. The end products such as acetoin and 2,3-butanediol were determined using a chiral gas chromatography (GC) method as previously described [1] .
Construction of the Expression Plasmids pEASY-E1-rebdh and pEASY-E2-rebdh
The gene of R. erythropolis WZ010 encoding the putative ReBDH, named as rebdh, was amplified from the genomic DNA using forward and reverse primers rebdhF1 (5'-ATGAAGGCAGCACGGTTC-3') and rebdhR1 (5'-TCACGACCTGACGAGAATCT-3'). The rebdh gene was PCR-amplified with the conditions as follows: 94 °C for 4 min for initial denaturalization; 30 cycles of 94 °C for 30 s, 57 °C for 1 min, and 72 °C for 50 s; and 72 °C for 10 min for the final extension. The PCR products were purified and then ligated with the expression vector through the AT ligation strategy, according to the instruction of the pEASY-E1 expression kit (TransGen Biotech Co., Ltd., Beijing, China). The ligated product was subsequently transformed into E. coli DH5α competent cells. The recombinant plasmid harboring the rebdh gene, designated as pEASY-E1-rebdh, was isolated from positive transformers screened through colony PCRs and further verified by DNA sequencing (Sangon Biotech, Shanghai, China). Following the same procedure, the plasmid pEASY-E2-rebdh was constructed using the vector pEASY-E2 instead of pEASY-E1.
Expression and Purification of ReBDH with or without N-terminal His-tag
Chemically competent cells E. coli BL21(DE3) were transformed with the resulting plasmid pEASY-E1-rebdh or pEASY-E2-rebdh. The recombinant cells containing pEASY-E1-rebdh or pEASY-E2-rebdh were grown at 37 °C in the LB medium until the OD600 reached up to 0.5, and subsequently induced by adding 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 16 h of growth 28 °C, E. coli cells were harvested by centrifugation and resuspended in 50 mM Tris-HCl buffer (pH 8.0). The cells were disrupted through ultrasonication for 8 min, and the cell lysate was then centrifuged to remove the cell debris, resulting in a clear cell extract. The crude cell extracts were used for the purification of recombinant ReBDHs.
To purify the recombinant ReBDH with N-terminal His-tag from the transformant E. coli BL21(DE3)/pEASY-E1-rebdh, the obtained supernatant from the crude extract was applied to a Ni-NTA chelating affinity column (Bio-Rad Laboratories, Hercules, CA, USA) equilibrated with the binding buffer (5 mM imidazole and 300 mM NaCl dissolved in 50 mM Tris-HCl, pH 8.0). Unbound proteins were removed by washing with the binding buffer, and the recombinant ReBDH was eluted by applying a stepwise gradient of imidazole concentrations from 10 to 250 mM. Fractions containing ReBDH were eluted with 100 mM imidazole, desalted with 50 mM Tris-HCl (pH 8.0) by ultrafiltration, and then stored at −20 °C for further characterization.
In the purification of the recombinant ReBDH without N-terminal His-tag from the transformant E. coli BL21(DE3)/pEASY-E2-rebdh, the cell extract was applied to a 20-ml DEAE-sepharose column, and the enzyme ReBDH was eluted using a linear gradient of 0 to 1 M NaCl in 50 mM Tris-HCl buffer (pH 8.0). The fractions containing ReBDH activity were pooled and applied to a phenyl-sepharose column equilibrated with 50 mM Tris-HCl buffer (pH 8.0) containing 0.8 M (NH4)2SO4. Proteins were eluted with a linear gradient of 0.8 to 0 M (NH4)2SO4. In the phenyl-sepharose hydrophobic chromatography, the recombinant ReBDH without N-terminal His-tag was not eluted out using 50 mM Tris-HCl buffer (pH 8.0) but ultrapure water. After purification, the samples of ReBDH without N-terminal His-tag were washed with 50 mM Tris-HCl (pH 8.0) by ultrafiltration and then stored at −20 °C for further use.
Size Exclusion Chromatography and Structural Analysis
The purity of the purified ReBDHs was verified using SDS-PAGE as described previously [36] . The molecular mass of the enzyme in the native form was determined by a high-performance liquid chromatography on a size-exclusion column WAT011535 (Waters Corporation, Milford, MA, USA). The mobile phase was 50 mM phosphate buffer containing 150 mM NaCl (pH 6.8), and the proteins used for calibration were thyroglobulin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.35 kDa). The homologues of ReBDH were identified by performing BLAST-P searches [37] . The alignment of ReBDH and its close homologues were carried out using the program ClustalW and subsequently visualized using ESPript 3.0 [38, 39] .
Determination of Zinc Content in ReBDH
The zinc content of ReBDH was determined using ICP-AES (IRIS Intrepid ICP-AES at the Ocean College, Zhejiang University of Technology). The purified ReBDH without N-terminal His-tag was pretreated to wash off nonbinding metals using ultrapure water. The washing procedure was carried out using YM-10 Amicon centrifuge tubes, including five repeats of centrifugation (concentration and refilling of washing buffer). The passthrough solution from the last washing was collected as the control. 100 μL concentrated protein sample containing 0.88 mg ReBDH or the control solution was mixed with 1 mL nitric acid and then digested at 90 °C for 4 h. Prior to ICP-AES analyses, the digested samples were diluted to a final volume of 10 mL using ultrapure water.
Activity Assays of ReBDH
The catalytic activity of ReBDH was measured by following either the reduction of NAD + or the oxidation of NADH at 340 nm (ε340 = 6.3 mM
). Unless otherwise specified, the enzyme assay was carried out in duplicate using the assay mixture (2.5 mL) for alcohol oxidation containing 50 mM 2,3-butanediol and 0.64 mM NAD + at 45 °C in the 50 mM CAPS buffer (pH 10.0). The assay mixture (2.5 mL) for the reduction of ketone/aldehyde contained 50 mM diacetyl and 0.4 mM NADH at 55 °C in the 50 mM PIPES buffer (pH 6.5). The reaction was initiated by the addition of 40 μg of the purified enzyme. One unit of the activity was defined as the amount of enzyme that oxidized or reduced 1 μmol NADH or NAD + per minute. The protein concentrations of all samples were determined using the Bradford reagent (Bio-Rad) with bovine serum albumin as the standard protein [40] .
Catalytic Properties of ReBDH
The effect of temperature on the enzyme activity was examined (ranged from 15 to 75 °C) using the 50 mM PIPES (pH 6.5) or the 50 mM CAPS (pH 10.0). To investigate the thermostability of ReBDH, the residual activity was measured by the standard assays for acetoin reduction and 2,3-butanediol oxidation with incubation at 45 °C for appropriate time intervals. The effect of pH on the enzyme activity was determined over a range of pH 6.1 to 11.0 at 45 °C (oxidation) or 55 °C (reduction). The buffers (50 mM) used were PIPES (pH 6.1 to 7.5), Tris-HCl (pH 7.5 to 9.0), CAPSO (pH 9.0 to 10.0), and CAPS (pH 10.0 to 11.0). All the pH values of the buffers used were determined at 25 °C using a Mettler Toledo FE20 FiveEasy pH Meter. With regard to substrate specificity, the activity of ReBDH was tested on various substrates, including primary and secondary alcohols, diols, polyols, and aromatic alcohols or aldehydes and ketones under standard assay conditions.
The effect of cations, EDTA, and organic solvents on enzyme activity was examined by adding each compound at a final concentration of 1 mM (metal ions and EDTA) or 10% (v/v) (organic solvents) unless stated otherwise. The residual enzyme activity was determined by measuring the reduction of diacetyl in the 50 mM PIPES (pH 6.5), and the control enzyme activity was assayed in the absence of any test compound.
Enzyme kinetic parameters were determined using different substrates and coenzymes (NAD . Apparent values of Km and Vmax were calculated by a computer-aided direct fit to the Michaelis-Menten equation using SigmaPlot (Systat Software Inc., San Jose, CA, USA). All the reactions followed Michaelis-Menten-type kinetics.
Asymmetric Reduction of Diacetyl and Acetoin Catalyzed by ReBDH
The enzyme used for in situ regeneration of NADH during asymmetric synthesis was the mutant of formate dehydrogenase from Candida boidinii ATCC32195 with two amino acid replacements of Csy23Ser and Cys262Ala [41] . The gene encoding the mutant of formate dehydrogenase from Candida boidinii ATCC32195 was synthesized and then inserted into Nde I and Xho I restriction sites of the plasmid pET-30a. The resulting expression plasmid pET-30a-cbfdh was transformed into chemically competent cells E. coli BL21(DE3). The expression and purification of formate dehydrogenase from Candida boidinii ATCC32195 were carried out following the procedures for expression and purification of ReBDH with N-terminal His-tag in Section 3.4.
To determine the stereoselectivity of ReBDH, the asymmetric reduction of diacetyl/acetoin was carried out using formate dehydrogenase-catalyzed coenzyme regeneration. The reduction mixture (2 mL) containing 60 mM diacetyl or racemic acetoin, 120 mM sodium formate as cosubstrate, 0.25 mM NAD + , 5 U recombinant formate dehydrogenase from Candida boidinii ATCC32195 and 2.5 U ReBDH in the 50 mM PIPES buffer (pH 7.0). The reaction was carried out at 30 °C for 48 h under static condition, unless otherwise specified. The reactants were determined with a Shimadzu GC-2014 gas chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with a chiral GC column (Varian CP7502, 25 m × 0.25 mm × 0.39 mm) as previously described [1] . The 2 mL reaction mixture was extracted with 1 mL 1-butanol under strong vibration. The reaction mixture after extraction was dehydrated with anhydrous sodium sulfate and then 1 μL dehydrated sample was directly applied onto the injector (250 °C) for GC analyses. The peak areas were quantitated using specific external standards. Retention times of the reactants were listed as follows: 3.25 min for diacetyl, 6.30 min for (R)-acetoin, 6.60 min for (S)-acetoin, 9.16 min for (2S,3S)-2,3-butanediol, 9.25 min for (2R,3R)-2, 3-butanediol, and 9.42 min for meso-2,3-butanediol.
Nucleotide Sequence Accession Number
The nucleotide sequence of ReBDH has been submitted to the GenBank database under the accession number of KP868656.
Conclusions
The strain R. erythropolis WZ010 had the capacity to produce both (2S,3S)-2,3-butanediol and (2R,3R)-2,3-butanediol, revealing the presence of the gene encoding (2R,3R)-2,3-butanediol dehydrogenase in its genome. The enzyme ReBDH with monomeric structure shared common structural characteristics with other homologues in the family of medium-chain zinc-containing alcohol dehydrogenases. ReBDH catalyzed the oxidation of 2,3-butanediol to acetoin and the reduction of diacetyl/acetoin to (2R,3R)-2,3-butanediol. ReBDH had higher catalytic efficiency on NADH and diacetyl (determined at pH 6.5 and 55 °C) than that on NAD + and (2R,3R)-2,3-butanediol (determined at pH 10.0 and 45 °C). When the assay pH (e.g., pH 7.0) was close to the physiological pH, the activity of ReBDH for acetoin reduction was much higher than that for (2R,3R)-2,3-butanediol oxidation, clearly indicating that the preference for ReBDH-catalyzed (2R,3R)-2,3-butanediol oxidation or acetoin reduction was a pH-driven process. Taken together, the results suggested that the physiological role of ReBDH was very likely to be associated with the formation of (2R,3R)-2,3-butanediol rather than the oxidation of (2R,3R)-2,3-butanediol.
The enzyme was active within broad ranges of pH and temperature and had remarkable activity in the presence of higher concentration of DMSO, offering greater flexibility in practical biocatalysis. Furthermore, both the oxidation of 2,3-butanediol/1-phenyl-1,2-ethanediol and the reduction of diacetyl/acetoin catalyzed by ReBDH were strictly (R)-enantioselective. Besides (2R,3R)-2,3-butanediol, chiral alcohols such as (R)-1-phenyl-1,2-ethanediol have served as valuable intermediates for synthesis of biologically or pharmacologically active compounds [42, 43] . In addition, the NADH regeneration system catalyzed by formate dehydrogenase was confirmed to be effective since the asymmetric reduction of diacetyl led to production of 21.4 mM (R)-acetoin and 20.5 mM (2R,3R)-2,3-butanediol from 60 mM diacetyl with the use of only 0.25 mM NAD + . In total, ReBDH could serve as a potential versatile biocatalyst for the synthesis of (R)-stereospecific chiral alcohols.
